In patients with aortic stenosis (AS) functional mitral regurgitation (FMR) is frequent and is attributed to left ventricular (LV) remodelling and to aortic gradient. However, the association of these variables with mitral effective regurgitant orifice (ERO) is still unknown.
Introduction
Functional mitral regurgitation (FMR), which is a form of valve insufficiency in the absence of clear abnormalities of the mitral valve apparatus, 1 is relatively frequent in patients with aortic valve stenosis (AS). However, uncertainties remain regarding functional MR in this clinical context. First, the prevalence of FMR has been mostly analysed in patients undergoing aortic valve replacement, 2, 3 whereas there is no information about the population of patients with a broad range of AS. Secondly, the magnitude of FMR and its clinical correlates are unclear, mainly due to semi-quantitative evaluation of FMR in many studies 4 -6 and the lack of quantitative analysis of the mitral effective regurgitant orifice (ERO) in this context. Thirdly, there are uncertainties regarding the pathophysiological determinants of FMR in patients with AS. The most likely explanation for FMR is left ventricular (LV) remodelling secondary or concomitant to aortic valve disease. 7, 8 However, it must be underscored that the majority of patients with AS are characterized by hypertrophic left ventricle of normal size and preserved ejection fraction (EF). The other explanation for FMR which has been considered plausible is the presence of increased ventricular systolic pressure directly related to the degree of valve obstruction, which fuels the energy for regurgitation. 7 However in another clinical model such as dilated cardiomyopathy, the relation between ventricular pressure and FMR has been questioned, and a paradoxical association between ventricular pressure and FMR severity has been observed. 9, 10 Consequently, the aims of the present study were: (i) to analyse the prevalence of FMR in a consecutive series of patients with a broad range of AS; (ii) to evaluate the burden of FMR and its clinical correlates by means of quantitative determination of ERO, regurgitant volume (RV) and fraction (RF), and (iii) to evaluate the determinants of FMR in patients with a normal and abnormal LV function.
Methods
All consecutive patients referred to the echocardiographic laboratory of the University of Verona who presented a thickened aortic valve with velocities .2.5 m/s, were prospectively enrolled. The exclusion criteria were (i) organic mitral valve disease (rheumatic, congenital, and prolapse) or mitral valve prosthesis (the presence of annulus calcification was not considered an exclusion criterion) and (ii) the presence of subaortic obstruction (dynamic or fixed) which did not allow the precise determination of aortic valve disease.
Echocardiographic evaluation
All patients underwent a comprehensive echocardiographic evaluation performed by the same operator (A.R.). LV volumes were measured using biplane Simpson's method. EF was then calculated.
Tissue Doppler velocity was used to measure systolic, early, and late diastolic velocities at the septum and lateral mitral annulus levels. Velocities measured at the two site levels were then averaged.
LV septum thickness was measured on a 2D frame from a parasternal long axis at end diastole. An LV outflow tract (LVOT) was measured from a parasternal long axis view, precisely at the level of aortic valve cusp insertion (inner to inner edge). A time velocity integral at LVOT was taken from an apical view, placing the pulse wave Doppler sample volume just below the insertion of the aortic cusps, and taking care to avoid acceleration of the flow close to the valve. LVOT stroke volume was then calculated. In a subgroup of 104 patients, systolic leaflet deformation, defined as a tenting area (TA), was measured by the area enclosed between the annular plane and mitral leaflet from a four-chamber view at early systole. Coaptation depth (CD) was defined as the distance between leaflet coaptation and mitral annulus plane. A mitral annular diameter was measured in an apical four-chamber view at end diastole.
The maximal trans-aortic velocity was evaluated from any window. The view where the highest velocity could be identified was considered the reference. The maximal mean gradient and time velocity integral were measured on three consecutive beats and averaged. The aortic valve area (AVA) was measured by means of the continuity equation, dividing the LVOT stroke volume by the time velocity integral of trans-valvular flow. AVA was then indexed by body surface area.
In the presence of FMR, the instantaneous regurgitant flow was measured by means of proximal velocity surface area method (PISA), averaging the radius of the pre-orificial flow taken three times, applying the usual formula. ERO was then calculated by dividing the instantaneous flow by the maximal velocity of the regurgitant jet obtained by continuous wave Doppler. RV was calculated by multiplying ERO by the time velocity integral of regurgitant jet. In 10 patients, the regurgitant jet envelope could not be obtained correctly and so following a previous study, RV was calculated using a simplified method. 11 
Statistical analysis
Values are expressed as means + SD. Differences between groups were analysed using unpaired t-test, chi-square or ANOVA, as appropriate. Associations between variables were evaluated using linear regression analysis or Spearman's correlation. Multivariate analysis was used to evaluate the independent association between variables. To evaluate the independent determinant of ERO we forced in the multivariate model all those variables univariately associated with ERO.
A P-value of ,0.05 was considered statistically significant.
Results
Out of 6937 consecutive examinations performed by a single operator between August 2008 and December 2011, 220 patients having a thickened aortic valve with a trans-aortic velocity .2.5 m/s were included in the study database. Twenty patients were excluded because of suboptimal visualization of the PISA region, which did not allow the measurement of the instantaneous flow. These patients were taken into consideration when evaluating the prevalence of FMR, but not for other aims of the study. It is noteworthy that all these patients were considered to have mild functional MR (based on small central regurgitant jet area). Three patients were excluded because of subvalvular acceleration which did not allow precise quantification of the AVA. Twenty-five patients were excluded because of mitral valve prosthesis or organic disease of the mitral valve. Consequently, 172 patients formed the study population (mean age 76 + 8 years; 48% female) with a wide range of AS severity (mean AVA 1.0 + 0.4, range 0.3 -2.0 cm 2 ) and LV systolic function (mean EF 57 + 14, range 20-80%). Clinical and echocardiographic characteristics of the overall population and of patients divided according to the presence or absence of FMR are shown in Table 1 . 
Prevalence and burden of FMR

Clinical correlates
The presence or absence of FMR could not be used to distinguish symptomatic from asymptomatic patients (P ¼ 0.1), patients with chest pain (P ¼ 0.8), syncope (P ¼ 0.8) or New York Heart Association (NYHA) class of patients (P ¼ 0.06). On the other hand, ERO was significantly associated with NYHA class (P ¼ 0.009) but not with chest pain or syncope (P . 0.8 for both). Similarly, RV was significantly associated with NYHA class (P ¼ 0.02) but not with other symptoms. RF was not associated with any symptoms (P . 0.4 for all). Dividing patients on the basis of a value of ERO higher or equal to 0.1 cm 2 , a clear
separation in terms of NYHA class was observed between patients with no FMR and with ERO ≥0.1 cm 2 (see Figure 1 for details).
Clinical and echocardiographic variables associated with ERO in the overall population are shown in Table 2 . A significant association was found between the left atrial volume and ERO, RV, and RF (P,0.0001 for all). RV and ERO maintained an independent association with LAV (P ¼ 0.008 and P ¼ 0.056, respectively) after adjustment for E/E', AVA, EF, and presence of atrial fibrillation. ERO was also strongly associated with systolic pulmonary artery pressure (sPAP) (P , 0.0001) (see Figure 2 ).
Pathophysiological determinants of FMR
Clinical and echocardiographic variables associated with ERO are shown in Table 2 . LV remodelling is a determinant of the degree of FMR in AS patients. LVD, LVS, and EF showed strong associations with ERO (P , 0.0001 for all), RV (P , 0.0001 for all), and RF (P , 0.0001 for all). In the overall population TA (rho ¼ 0.2; P ¼ 0.04) and CD (rho ¼ 0.2; P ¼ 0.05) but not mitral annulus diameter (P ¼ 0.4) were associated with ERO. As underlying in Table 3 , systolic leaflet deformation is clearly established in patients with LV remodelling but not in those with a normal volume (LVD , 75 mL/m 2 ) and preserved EF (EF .50%). In the overall population, S-DTI was the only variable significantly (P , 0.05) associated with ERO independently of those parameters univariately associated with ERO. The analysis was further limited to the subgroup of patients with a preserved EF. This group consisted of 99 patients (mean age 76 + 10 years; male 37%). FMR was present in 48% of these patients. LVD and septal thickness (P . 0.1 for both) did not have any association with ERO. NYHA, New York Functional Class; S-BP, systemic systolic blood pressure; D-BP, systemic diastolic blood pressure; HR, heart rate; LVD, left ventricular diastolic volume; EF, ejection fraction; LVOT-SV, left ventricular outflow tract-stroke volume; PG, peak gradient; MG, mean gradient; AO-TVI, trans-aortic time velocity integral; AVA, aortic valve area; E, E wave velocity; A, A wave velocity; DTE, E wave deceleration time; PV-s max, pulmonary vein systolic maximal velocity; PV-d MAX, pulmonary vein diastolic maximal velocity; S-DTI, systolic velocity of the mitral annulus; E-DTI; early diastolic velocity of the mitral annulus; A-DTI, late diastolic velocity of the mitral annulus; E/E ′ , ratio between E wave velocity and early diastolic velocity of the mitral annulus; sPAP, systolic pulmonary artery pressure; RA, right atrium; LA, left atrial.
S-TD and A-DTI were the parameters with the stronger association with both ERO and RV (P , 0.0001 for both) (see Figures 3 and 4) .
Furthermore, using 0.075 m/s as a cut-off to distinguish the normal longitudinal systolic velocity, 23 (30%) patients showed a normal longitudinal systolic function and 52 (70%) had a reduced longitudinal function despite a preserved EF. FMR was significantly lower in patients with a normal than in those with an abnormal longitudinal function in terms of both ERO (0.06 + 0.05 vs. 0.004 + 0.02 m/s; P , 0.0001) and RV (10 + 11 vs. 0.8 + 3 mL; P , 0.0001). In the overall population a non-significant negative association was observed between ERO and AVA and MG (see Table 2 and Figure 5 for details). Similar results were observed for RV (AVA rho 20.11; P ¼ 0.3; MG rho 20.07 P ¼ 0.3). However, after adjustment for ERO, the association between MG and RV was positive and significant (ERO beta 0.96 P , 0.0001; MG beta 0.11 P ¼ 0.009).
Discussion
Our prospective series of consecutive patients with a large range of AS demonstrated that (i) the prevalence of FMR is high in this clinical Abbreviations as in Table 1 . TA, tenting area; CD, coaptation depth; Z-Va, aortic impedence; PP/SV, aortic pulse pressure, and stroke volume ratio. context, affecting up to 63% of AS patients; (ii) the magnitude of FMR is relatively low, in fact an ERO ,0.2 cm 2 was present in 91% of the overall population; (iii) despite the relatively low overall severity of FMR, ERO was strongly associated with heart failure symptoms, atrial volume, and pulmonary pressure level, and (iv) LV function is the main determinant of FMR, even in patients with a preserved EF.
Clinical significance of FMR
The clinical significance of FMR in the context of aortic valve disease has been underrated because of the preponderance of objective signs of the associated aortic valve disease, and the unproven idea that it partly depends on aortic valve obstruction. Nevertheless, some clinical studies have shown that FMR associated with aortic valve disease is a strong marker of increased risk even after a successful aortic valve replacement. 12, 13 We believe that a profound understanding of the burden and the clinical consequences of FMR has previously been hampered for at least two reasons. First of all, the large majority of clinical studies have used a semi-quantitative evaluation of FMR based on jet area assessment. However, the jet area is affected by causes other than regurgitant volume, 14 for instance by the velocity of regurgitation which is particularly high in patients with AS. Mainly for this reason, the European Society of Echocardiography has recently recommended that jet area assessment be abandoned and replaced by determination of the ERO. 15 Furthermore, most studies evaluated this topic in selected patients with uniformly severe AS who were undergoing aortic valve replacement. 2, 3 This made it impossible to fully analyse the relationship between FMR and the degree of AS. Notably, this study showed that even if FMR is relatively mild there was a clear association with heart failure symptoms, left atrial volume, and pulmonary artery pressure levels, which underscores the clinical importance of FMR. Functional mitral regurgitation in aortic stenosis
Pathophysiological determinants of FMR in aortic stenosis
The determinants of FMR have mostly been studied in the model of enlarged and dysfunctional left ventricle. 1 In this setting it has been
shown that apical displacement of the papillary muscle is the main cause of FMR because of the tethering effect of the mitral valve apparatus, which makes mitral leaflets close more apically, thereby decreasing their coaptation strength. 16 -18 The degree of tethering can be quantified by measuring the mitral TA, which displays the degree of valvular deformation. 1 Confirming previous observations, the present study demonstrated that in patients with AS and dysfunctional left ventricle, those with FMR had a TA more than double that of patients with dysfunctional left ventricle and no FMR. 1 On the other hand, the tethering phenomenon should not play any role in determining FMR in patients with the preserved LV systolic function, since the TA and the CD were similar in patients with and without FMR. In the subgroup of patients with a preserved EF, we found a significant inverse relationship between the velocity of longitudinal shortening and the degree of FMR. This might suggest that a subtle impairment of ventricular function, despite a preserved EF, might compromise proper mitral valve function, decreasing the longitudinal tension during mitral closure. We have no data to exclude that coronary artery disease might affect thr longitudinal shortening velocity of the left ventricle, but what is important is that beyond the reason of longitudinal impairment, this variable is highly associated with FMR. We did not find any relation between the degree of FMR and mitral annulus diameter or the presence of mitral annulus calcification. However, we found a significant and inverse relation with the longitudinal late diastolic velocity of the mitral annulus. Since this parameter has been related to atrial systolic function, 19 we might speculate that atrial contractility also plays a critical role in proper coaptation of mitral leaflets. Increased ventricular systolic pressure as a direct consequence of aortic valve obstruction is thought to be a direct determinant of the degree of mitral regurgitation, suggesting that the higher the LV pressure, the higher the regurgitant flow for any given orifice area and left atrial pressure. However, in this cross-sectional study we did not find any positive relation between RV and ERO and degree of aortic stenosis, in terms of either AVA or gradients. Actually, MG and RV tended to be inversely associated. We might reconcile our findings with conventional belief by adjustment for ERO. In fact, multivariate analysis documented a positive, although extremely low, effect of MG on RV. This might reinforce the findings in the model of dysfunctional left ventricle, of a paradoxical relationship between ventricular pressure and FMR. 10 Increased ventricular pressure constitutes the energy for mitral regurgitation but at the same time is also an important component of mitral valve closure forces. The conventional belief that there is a positive association between aortic stenosis and FMR has mainly been supported by a study which showed that during follow-up, a group of patients with aortic stenosis experienced a parallel increase in both aortic valve obstruction and degree of FMR. However, it should be emphasized that in this group of patients, a progressive worsening of the LV function was also noted over time; this could have been the real determinant of the increased FMR. 20 
Conclusion
In patients with AS, FMR is frequently present. The degree of FMR is highly dependent on LV systolic function even in the subgroup of patients with a preserved EF, in fact a significant inverse association was found between ERO and the velocity of systolic longitudinal shortening. We believe this finding might open a new window in the understanding of FMR mechanisms.
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